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Abstract
In this work we discuss the development of a mathematical model to predict the shift in gas
composition observed over time from a producing coal seam gas (CSG) well, and investigate the
effect that physical properties of the coal seam have on gas production. A detailed (local) one-
dimensional, two-scale mathematical model of a coal seam has been developed. The model describes
the competitive adsorption and desorption of three gas species (CH4, CO2 and N2) within a
microscopic, porous coal matrix structure. The (diffusive) flux of these gases between the coal
matrices (microscale) and a cleat network (macroscale) is accounted for in the model. The cleat
network is modelled as a one-dimensional, volume averaged, porous domain that extends radially
from a central well. Diffusive and advective transport of the gases occurs within the cleat network,
which also contains liquid water that can be advectively transported. The water and gas phases are
assumed to be immiscible. The driving force for the advection in the gas and liquid phases is taken
to be a pressure gradient with capillarity also accounted for. In addition, the relative permeabilities
of the water and gas phases are considered as functions of the degree of water saturation.
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1. Introduction
The coal seam gas (CSG) wells studied in this project are from the Walloon Coal Measures in
the Daandine region of southeast Queensland. These are part of the Jurassic strata of the Surat
Basin where the coal-bearing section is around 350 m thick. Although coals may comprise 10%
of the strata, individual coal seams rarely exceed 1 m in thickness, with over 30 seams commonly
encountered in each well [1]. These coals are concentrated in three zones: the Taroom Coal
Measures, and the Lower and Upper Juandah Coal Measures. The very low permeability of the
enclosing sandstones and shales would indicate that all the produced gas is from the coal seams
but the percentage of the gas that is produced from individual seams is unknown. The gas content
and permeability will vary from seam to seam.
Previously published studies of modelled CSG production have been from areas where produc-
tion is from a single thick seam. The complexity of the Walloons geology introduces a considerable
∗steven.psaltis@qut.edu.au
Preprint submitted to Energy March 6, 2015
challenge to modelling CSG production, as it is not known how production technologies (casing
etc.) determine which seams are producing at any given time. In this work, a single representative
seam was used and then scaled to the coal bed thickness by accumulating the thickness of all the
coals in the section. Future studies may benefit from a better understanding of the actual beds
supplying the majority of the CSG production.
It is well recognised that coal seams can be characterised using a dual porosity system [2, 3]
of the type described by Warren and Root [4]. They are comprised of the porous coal matrix
interspersed by a cleat network. The majority of gas found within coal seams is adsorbed in the
microporous structure of the coal matrix [5, 6], while the cleat network is saturated by liquid water.
During the dewatering phase, the pressure in the coal seam is reduced as the water is removed.
This allows the adsorbed gaseous species to desorb from the coal matrix, diffuse into the cleat
network and then be extracted through the production well. The primary mechanisms for gas
transport in the cleat network are advection via a pressure gradient (Darcy flow)[6] and diffusion.
There is a large body of work investigating the behaviour of gases and liquids in coal seams [2, 5–
14] with applications to both coal seam gas production and carbon sequestration (and enhanced
methane recovery). Vishal et al. [13] investigate CO2 enhanced coal-bed methane recovery and
carbon sequestration, with a geological setting in India. They utilise a similar modelling approach
as discussed in this work, whereby the coal seam is assumed to be of a dual-porosity nature, char-
acterised by a cleat network and the coal matrix. By developing a mathematical model describing
water, CH4 and CO2, where the methane production rates have been matched to experimental
data in the region, they investigated the volumes of CO2 sequestered and CH4 produced. Their
model performed well qualitatively, however they had no data to compare their sequestration and
enhanced methane recovery to as no pilot study of CO2 sequestration has been conducted in their
region[13].
Of particular interest for this work is the model developed by Cui and Bustin [5], who investi-
gated the transport of gases and compositional shift in coal seam gas production. They considered
the change in gas composition on both a field and core sample (laboratory) scale. They showed
that the gas production is significantly affected by the physical properties of the coal seam, such
as permeabilities and porosities. Additionally, Perera, Ranjith, Choi, and Airey [15] and Jasinge,
Ranjith, Choi, and Fernando [16] have investigated the relationship between the coal permeability
and coal matrix swelling due to CO2 adsorption. They observed that increased CO2 adsorption
leads to a reduced permeability in the coal. This may be of more importance for a model designed
to simulate CO2-enhanced methane recovery, as the injection of CO2 will lead to a reduced per-
meability. However, it also indicates that permeability may be affected by the amount of CO2
initially adsorbed in the coal seam, and as the CO2 is removed during gas production. In this work
we assume that the permeability is constant in time, however this should be investigated in future
work.
The primary aim of this article is to present a viable model describing the production of gas
at an individual CSG well in the Walloon Coal Measures in the Daandine region of southeast
Queensland. This model will form a framework to allow estimation of the physical parameters to
occur. Work currently being undertaken by the authors will focus on utilising this local model
framework for parameter estimation, and simulating the gas composition at a production facility.
This article is structured as follows; in the next section we develop a mathematical model of gas
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and water transport in a single coal seam. This is followed by a section detailing gas production
results for a single CSG well, and an investigation into the sensitivity of our model to individual
parameters. Additionally, we present a comparison between the simulated gas composition from a
number of wells with production facility data provided by Arrow Energy [1]. We conclude with a
brief discussion on extensions to the model presented in this work.
2. Local Model Development
Coal is a porous medium that is often considered as being dual-porosity in nature in that it
exhibits both a microporosity and macroporosity. Figure 1 shows a representation of the structure
of a coal seam. The coal cleat network is comprised of face cleats and butt cleats with the face
cleats being responsible for the majority of the gas and water transport through the seam to the
well boundary. The porosity of the coal seam on the macroscale is due to this cleat network, that
contains both ‘free’ gas that is not bound to the coal structure and liquid water, with the free gas
occurring in small amounts.
Figure 1 also shows the porous nature of the coal matrix, represented by the dark blocks. The
inset picture in Figure 1 shows the micropores that are interspersed throughout the coal matrix,
as well as the gas that adsorbs to the surface of the coal. The majority of gas found within a
coal seam is adsorbed to the surface of the coal matrix [3, 7], and the adsorption kinetics play an
important role in the extraction of gas. It is known from the literature that CO2 is preferentially
adsorbed [17, 18], and CH4 is more strongly adsorbed than N2 [8, 11]. Therefore, as the pressure
within the coal seam is reduced a greater proportion of N2 will be released initially. As CO2 is the
most preferentially adsorbed, it is found that at late times in the life of a well the percentage of
CO2 increases [5].
Figure 1: Diagram showing the cleat structure and dual porosity nature of a coal seam.
The coal matrix width is specified by a, and b is the cleat aperture width. Modified from
http://coalbedmethane.wordpress.com
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This work has been motivated by an interest in modelling the composition of gas that is
produced at a compression facility. At the compression facility there are three gaseous species of
interest, namely, methane (CH4), carbon dioxide (CO2), and nitrogen (N2). Here we neglect the
effect of any other gaseous species and assume they exist in negligible amounts. To predict the
composition of gas at the compression facility, we need to be able to predict the composition of gas
that is extracted from each well. To this end, in this work we develop a one-dimensional spatial
mathematical model describing the transport and adsorption-desorption behaviour of gases and
transport of water within a coal seam of a single production well.
A typical CSG production well will intersect with a number of coal seams of varying thicknesses.
To implement a model accounting for various layers of coal would introduce a significant compu-
tational overhead, because multiple coal seams would need to be simulated for each well. Each of
these individual coal seams would additionally require an estimation of the physical parameters,
and such a detailed approach would not be justified by the highly variable nature of the production
data that has been provided by Arrow Energy. With this in mind, we have not implemented a
model that accounts for each individual coal seam layer found within a well.
However, as a step towards a layer model we have assumed that each seam within a well has
uniform thickness normalised to be one metre and is of identical composition. Note that we do not
differentiate between coal seams at various depths, and the total number of seams within a well is
simply given by the total coal thickness for that well. By making these assumptions, we are able
to solve our model on a single seam and then scale the results to represent the total amount of
coal from which the well is producing. In effect this archetypal single seam represents an average
of all of the seams that are producing in a single well.
The mathematical model developed in this section is based on the work of Cui and Bustin
[5]. It consists of isothermal unsaturated porous flow in the coal cleat network and transport and
adsorption/desorption of gases at the matrix scale. We have extended the model of Cui and Bustin
[5] by incorporating the effects of capillary pressure through the van Genuchten equation [19] and
accounting for an additional gas species (N2). Furthermore, we apply a time-varying boundary
condition at the well boundary by using water production data, as opposed to a constant pressure
condition.
2.1. Model Development
To develop our mathematical model we assume the coal seam can be considered as one-
dimensional, that is, considering cylindrical coordinates (r, θ, z) the composition does not vary
in the θ and z dimensions. Our computational domain is shown in Figure 2. We use the radial
coordinate, r, with the centre of the well located at r = 0. The well boundary is located a distance
of Rw (m) from the centre of the domain, and the outer edge of the coal seam is at r = Ro (m).
Table 1 lists the model primary variables. These include the densities of each gaseous species
in both the matrix and cleats and the water saturation in the cleats. There are also a number of
additional variables used in the model that will be introduced along with the equations as they are
encountered.
2.1.1. Coal Matrix Equations
We assume that water is unable to penetrate into the microscale pores of the coal matrices due
to capillary pressure. Therefore, we only require equations describing each of the three gaseous
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Figure 2: Diagram representing the three-dimensional coal seam and well, that is assumed to be
a one-dimensional radially symmetric domain for the calculation of the solution. Note that the
solution is calculated on a seam with thickness of 1 metre, and the result is scaled to the full coal
thickness in the well.
Table 1: Table of Primary Variables
Number Symbol Description
1 ρmCO2 Density of CO2 in the matrix
2 ρmCH4 Density of CH4 in the matrix
3 ρmN2 Density of N2 in the matrix
4 ρCO2 Density of CO2 in the cleats
5 ρCH4 Density of CH4 in the cleats
6 ρN2 Density of N2 in the cleats
7 sw Water saturation
species within these coal matrices. The time evolution of free gas in the matrix pores, for each
species (i = CO2, CH4, N2) can then be modelled as
∂
∂t
(φmρmi ) + (1 − φm)Mi ∂qi∂t = −∇⋅Ni, (1)
where ∇ is the spatial gradient vector, ρmi (kg/m3) is the density of species i, qi (mol/m3) is the
volumetric density of adsorbed gas, φm is the matrix porosity, Mi (kg/mol) is the molecular weight
of species i and Ni (kg/m
2s) is the flux of species i across the boundary of the coal matrix. Note
that Equation (1) only applies at the interface between the coal matrix and the coal cleat network.
It does not resolve the spatial profiles of the densities, ρmi , within the coal matrix, however these
will vary at each point in the cleat network.
To calculate the transport of gas from the coal matrix into the cleat network we assume the
divergence of the flux of each gas species can be given by [20]
∇⋅Ni = 8piφmDmi
a2
(ρmi − ρg), (2)
where Dmi is the diffusivity of species i in the matrix, a is the matrix width shown in Figure 1 and
ρg (kg/m
3) is the total gas density, given by
ρg =∑
i
ρi, (i = CO2,CH4,N2). (3)
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Equation (2) is an approximation describing the transport of gas from the matrix pores into the
cleat network and holds only at the interface between the coal matrix and cleat network. It is
obtained by assuming a parabolic profile for the gas density within the pore [20]. By utilising
Equation (2) we do not have to solve a full microscale transport model, that would increase the
computation required significantly.
To model the adsorption-desorption behaviour we consider the competitive Langmuir isotherm
[5], namely,
qi = qmi bmi pmi
1 +∑j bmj pmj , (4)
where qmi (mol/m
3) is a Langmuir parameter representing the maximum amount of species i
that can adsorb to the surface, and bmi (1/Pa) controls the rate of the adsorption for species i.
Equation (4) describes the adsorption and desorption kinetics for each gas species.
2.1.2. Cleat Network Equations
As shown in Figure 1, the coal cleat network contains both free gas and liquid water. Therefore,
we now develop equations that explicitly model the transport of gaseous species and water.
We assume that the transport of each gaseous species is governed by diffusion and Darcy flow
[21]. Therefore, we obtain
∂
∂t
(sgφρi) +∇⋅Fi = (1 − φ)∇⋅Ni, (5)
where φ is the porosity, sg is the gas saturation, given by
sg = 1 − sw, (6)
and Fi (kg/m
2 s) is the flux of each species i, given by
Fi = −sgφρgDeffi ∇ωi − ρi krgkµg ∇pg. (7)
In Equation (7) ωi = ρi/ρg the mass fraction, Deffi the effective diffusivity, k the intrinsic perme-
ability, krg the relative permeability for the gaseous species, µg the viscosity of the gas and pg (Pa)
the gas pressure. Auxiliary equations for Deffi , k and krg will be discussed in Section 2.1.3 below.
In Equation (5), ∇⋅Ni is defined as in Equation (2), representing the gaseous species entering
the cleat network. It can be considered as a source term for gas, that couples the cleat network
equations to the matrix scale equations.
The coal cleat network is initially highly saturated with water [22, 23]. Therefore, within the
coal cleat network we must also consider the transport of water. In the cleat network we assume
that water is only transported according to Darcy’s law [9]. Therefore, the water conservation
equation is given by
∂
∂t
(swφρw) +∇⋅Fw = 0, (8)
where the (incompressible) flux of water, Fw (kg/m
2 s), is given by Darcy’s law, namely,
Fw = −ρw krwk
µw
∇pw. (9)
Here ρw (kg/m
3) is the density of liquid water, krw is the relative permeability for water, µw is
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the viscosity of water and pw is the water pressure.
2.1.3. Auxiliary Equations
We require a number of auxiliary equations to define the variables introduced above. Cui
and Bustin [5] neglect the effect of capillary pressure and assume that the water pressure, pw, is
identical to the gas pressure, pg. However, we note that as water is extracted from the seam the
capillary pressure will increase. Therefore, in this work we introduce a capillary pressure, pc, such
that [24]
pw = pg − pc, (10)
where we assume the form of pc is given by [19]
pc = ρw g
α
(s−1/mw − 1)1−m . (11)
Here g is the gravitational constant and m and α are the van Genuchten parameters and are
determined by the structure of the porous medium [19].
In (7) and (9) the relative permeabilities for gas and water are defined as
krg = (1 − sw)1/2(1 − s1/mw )2m, (12)
and
krw = s1/2w (1 − [1 − s1/mw ]m)2, (13)
respectively. To calculate the effective diffusivities we introduce the tortuosity, τ , which is a
measure of the ratio of the pore length to the distance between the end points. The effective
diffusivity for each species, i, is given by [24]
Deffi = τDsi (φsg)3/2, (14)
where Dsi is the diffusivity of species i in air.
We also introduce equations relating the intrinsic permeability of the coal cleat network and
the porosity to the cleat spacing and aperture width, namely [25],
k = b3τ
4a
, (15)
and
φ = 3b
a
, (16)
respectively. This allows the permeability and porosity to vary based on the physical structure of
the coal.
2.2. Well Boundary
We found that the boundary condition imposed at the well boundary is of critical importance
in this model because it is a major contributing factor to the volume of gas that is extracted from
the well. At the well boundary, r = Rw, we require conditions on each of the gas densities. This
can be achieved by obtaining the individual gas species pressures in the well, pbi (Pa). To this
7
end, here we develop a boundary condition at Rw that defines the total pressure in the well, pb
(Pa), with the individual pbi defined subsequently. To do this we begin by specifying a form for the
volume of water produced from the well as a function of time, W (t), in units of barrels of water
per day (BWPD), namely,
W (t) = Ae−Bt, (17)
where t is the time (days), A and B are constants obtained by fitting to water production data.
The form for this water production curve has been chosen based on information presented in the
literature [6] and from an analysis of actual water production data.
By specifying the form given in Equation (17) for W (t) and ensuring that B is always positive,
we enforce that the volume of water being produced will always be decreasing in our model. This is
important for the calculation of the domain length (drainage length) L given in Section 2.4 below,
as we are easily able to determine when the volume of water being produced is negligible.
We can calculate the total volume of water produced, VW (Barrels), at time t = ts, where ts
corresponds to the end point of the data, by integrating Equation (17) from t = 0 to t = ts to
obtain,
VW = A
B
(1 − e−Bts). (18)
However, from the data provided by Arrow Energy we can calculate VW . Therefore, we can
express the parameter A in terms of B and VW , namely,
A = VWB
1 − e−Bts . (19)
Substituting Equation (19) into Equation (17) our function describing water production from the
well is then given by
W (t) = VWB
1 − e−Bts e−Bt. (20)
To calculate B we utilise a nonlinear least-squares algorithm implemented in Matlab® to deter-
mine the best fit to the provided data. This gives us a water curve such as the one shown in
Figure 3. Figure 3 compares a calculated water production curve, using the procedure outlined
above, to an actual water production curve obtained through private correspondence with Arrow
Energy. We note that the calculated W (t) does not capture the early increase in water production
exhibited in the data, however the long term trend is accurately represented. A more complicated
choice of functional form in Equation (17) may provide greater accuracy for this particular well,
however not all well water production data show this behaviour. Therefore, we believe our choice
in Equation (17) is suitable.
This fitted water production curve is used to obtain the well pressure, pb (Pa), required for our
transport model. To do this we must convert W (t) into a volumetric flux, Fw (kg / m2), namely,
Fw = Fw ⋅ nˆ = 158.99
2piRwh × 86400 ×W (t), (21)
where nˆ is the unit normal vector in the positive direction, Rw is the well radius, h is the total coal
thickness, 158.99 is the conversion factor from Barrels to litres (or kg) and 86400 is the number of
seconds per day.
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Figure 3: Example of calculated water curve, W (t) ( ), in comparison to data ( ).
To calculate the well pressure, we assume that the water flux is of the form
Fw ⋅ nˆ = αwswφ(pb − pw), (22)
where αw is a transfer coefficient describing the rate at which water is transferred across the well
boundary. Rearranging Equation (22) we obtain
pb = pw + Fw
αwswφ
. (23)
Equation (23) allows us to calculate the well boundary pressure for each gaseous species and
therefore specify the boundary condition at r = Rw. We shall discuss how we utilise Equation (23)
to calculate each species boundary pressure in the following section.
2.3. Other Boundary and Initial Conditions
To close the system of model equations, we need additional boundary and initial conditions on
each of the gaseous species and water. At the well boundary, r = Rw, we define the flux of each
gas species according to
Fi ⋅ nˆ = αgsgφ(pbi − pi), (24)
where αg is a gas transfer coefficient and pbi is the pressure of species i in the well. To obtain
pbi we assume that the ratio of gas species i to total gas in the well is equal to the ratio in the
boundary control volume in the seam, namely,
pbi
pb
= pi
pg
, (25)
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where pb is calculated from Equation (23).
At r = Ro, we assume that the coal seam is bounded by an impermeable barrier, indicating that
there is no transport of species through that boundary. Therefore, at r = Ro, for each gas species
we have that
Fi ⋅ nˆ = 0, (26)
and similarly for water
Fw ⋅ nˆ = 0. (27)
Initially, we assume that the coal seam is in a state of equilibrium with
sw = sαw, (28)
and at a pressure of p0 (Pa) that is given as a function of the well depth, d (m), namely [1],
p0 = 101325 + 7460.5701d. (29)
Using Equation (29) we are able to calculate the initial gas densities for each species, and to do this
we have used the ideal gas law. Alternative equations of state (EOS) were investigated, such as
the Span-Wagner EOS for CO2, however we require an equation that is computationally efficient
to convert between gas densities and pressures. Furthermore, it would be inconsistent to use the
Span-Wagner EOS to determine the initial density of CO2 and then make use of the ideal gas law
to convert between gas densities and pressures in the solution of the model equations, as different
densities may be calculated for a given pressure.
Therefore, the initial gas density, ρ0i (kg/m
3), of each species in both the cleats and coal matrix
is given by
ρ0CH4 = CH04p0MCH4RT , (30)
ρ0CO2 = CO02p0MCO2RT , (31)
and
ρ0N2 = N02p0MN2RT , (32)
where R is the gas constant, T is the temperature (K) and CH04, CO
0
2 and N
0
2 are the initial mole
fractions of each species.
2.4. Calculation of Seam Drainage Length
To calculate the drainage length of the seam, L (m), we consider the amount of water extracted
over a given time. Recalling Equation (18) and the treatment that followed, we see that the fitted
water production curve produces the same volume of water as given by the water production data
up until ts. The time, tend (s), at which no water is being produced from the seam is determined
by extrapolating the fitted water production curve to the point where W (t) < 10−5 (BWPD).
The total volume of water extracted from the seam from t = 0 to t = tend is then,
Vend = A
B
(1 − e−Btend). (33)
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By specifying the average water saturation (sαw) that exists within the seam at t = tend, we can
calculate the volume of water that must have been present initially, V 0 (m3), as,
V 0 = 158.99
1000
1
1 − sαw Vend. (34)
We note that sαw represents a critical saturation below which it is no longer possible to extract
water at the well boundary by applying a pressure pb. In the bubbly two phase flow scenario that
would exist in reality at this boundary, sαw corresponds to the point at which the entrainment of
the lower viscosity fluid (gas in our case) at the expense of the higher viscosity fluid (water in our
case) is complete.
Furthermore, by specifying this average (non-zero) lower bound on sw we are able to reduce
the likelihood of pc becoming infinite in the van Genuchten equation, Equation (11).
We now note that alternatively to Equation (33), V 0 can be determined by
V 0 = s0wφpi(R2o −R2w)h, (35)
where Ro (m) is the outer radius of the domain measured from the centre of the well (shown in
Figure 2), s0w is the initial saturation of the seam, h (m) is the thickness of coal in the well and
Rw (m) is the well radius. Furthermore, setting the length of the coal seam, L (m), as
L = Ro −Rw, (36)
and substituting Equation (36) into Equation (35) we can define a quadratic equation for L, namely
L2 + 2RwL − V 0
s0wφpih
= 0, (37)
where V 0 is given by Equation (35). Note that Equation (37) will always have one positive and
one negative solution (for V 0 > 0) and can be easily solved to obtain the length of the coal seam,
where we always select the positive solution. Note that Equation (37) must be recomputed for
every combination of parameters as φ and s0w can vary.
Table 2 summarises the governing equations and boundary and initial conditions required to
solve for the primary variables given in Table 1. In the following section we consider the numerical
solution of these model equations.
Table 2: Table of Model Equations and boundary and initial conditions.
Symbol Governing Equation Boundary Conditions Initial Condition
ρmCO2 Equation (1) N/A Equation (31)
ρmCH4 Equation (1) N/A Equation (30)
ρmN2 Equation (1) N/A Equation (32)
ρCO2 Equation (5) Equation (24) (r = Rw), Equation (26) (r = Ro) Equation (31)
ρCH4 Equation (5) Equation (24) (r = Rw), Equation (26) (r = Ro) Equation (30)
ρN2 Equation (5) Equation (24) (r = Rw), Equation (26) (r = Ro) Equation (32)
sw Equation (8) Equation (22) (r = Rw), Equation (27) (r = Ro) Equation (28)
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2.5. Numerics
Recall from Section 2.1 that the full computational model takes the form of a coupled quasi-two-
scale mathematical formulation. For each of the three gas species in the coal matrix, conservation
equations of the form of Equation (1) are to be solved for the densities of carbon dioxide CO2(ρmCO2), methane CH4 (ρmCH4) and nitrogen N2 (ρmN2), which from Table 1 are the primary variables
in the coal matrix. For each of the three gas species in the cleat network, conservation equations of
the form of Equation (5) are to be solved for the densities of carbon dioxide CO2 (ρCO2), methane
CH4 (ρCH4) and nitrogen N2 (ρN2), which from Table 1 are primary variables in the cleat network.
Furthermore, the water conservation equation (Equation (8)) is solved for the water saturation(sw), which is the remaining primary variable in the cleat network.
rw re
rP rErW
DrP
drw dre
Boundary CVBoundary CV
+r direction
Figure 4: Schematic diagram of the well discretisation process into control volumes (CVs). Here
rP represents the node at which the numerical solution will be obtained for the shaded CV. This
solution value is coupled to the values at the “east” and “west” neighbouring nodes rE and rW
by virtue of the underlying transport mechanisms, which are modelled by the fluxes across the
control volume boundaries re and rw. The spatial distances δre, δrw, and ∆rP are characteristic
of the particular level of grid refinement chosen. We note that the descriptions “east” and “west”
are used in the schematic sense, and not representative of actual compass directions.
To facilitate the solution of these model equations the well is assumed to be one-dimensional,
with the r-axis aligned orthogonal to the direction in which gravity acts. The solution domain is
discretised into N discrete control volumes as depicted in Figure 4 over which the conservation
equations are integrated. Incorporating the boundary conditions in Table 2 and auxiliary equations
of Section 2.1 into the discretised conservation equations generates a system of ordinary differential
equations of the form,
d
dt
Ψ(u) = q(u), (38)
where u is the vector of numerical solution values at the control volume nodes, ordered by node in
7-tuples (ρmCO2i , ρmCH4i , ρmN2i , ρCO2i , ρCH4i , ρN2i , swi). The functions Ψ,q ∶ R7N → R7N contain the
relevant spatial information and source/sink terms generated from the control volume discretisation
procedure for the macroscopic equations, or the sink terms for the coal matrix equations.
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The solution of this system of ODEs is advanced in time through the use of backward differen-
tiation formulas (BDFs) [26].The BDFs employed in this work are the variable-order, variable-step
BDFs in modified form implemented in ode15i, part of the Matlab® ODE Suite [26]. The ode15i
solver employs a number of sophisticated techniques to dynamically adjust both the order of the
BDF and the stepsize, so that near-optimal timesteps can be taken, while keeping the local error
controlled. This is essential for our application, since it allows for the numerical scheme to capture
any initial transient behaviour while remaining efficient over long-time simulations.
3. Results and Discussion
In this section we present the results from the numerical simulations of the model discussed in
Section 2. Table 3 lists the set of standard parameter values that were chosen such that our simu-
lations gave good agreement to the production data of a single CSG well. These parameter values
form the basis of our sensitivity analysis conducted in the following section and unless otherwise
noted are the values used in all of the simulation results shown in this section. These values are
similar, where possible, to those used in the literature [5] and through private correspondence with
Arrow Energy [1].
Figure 5a compares the total gas production predicted from the model with corresponding data
measured by Arrow Energy for Well 27 (note that the data has been smoothed using a moving
average approach). We observe that the model produces a “textbook” gas production curve [6],
whereby there is an initial increase in gas production as dewatering occurs, before decreasing
towards a constant gas production rate. However, we see that there is a high level of variability in
the production data that is not captured by our model. The variability seen in the data is due to
reasons such as periods of time in which the pump goes oﬄine and human intervention to achieve
target production rates. For instance, at approximately 150 days in Figure 5a the well went oﬄine
leading to a rapid decrease in the gas production. In addition to this, there are times where gas
and water production data are not recorded. Any simulation model will be unable to predict a
priori events such as these. Smoothing the provided data is able to reduce some of the variability,
however we feel that comparison to the cumulative gas production curve will further help mitigate
the effects of this variability.
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Figure 5: Comparison between smoothed data (–◻–) and model solution ( ) for Well 27.
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Table 3: Table of parameter values giving good agreement to production data.
Parameter Description Value
CO02 Initial CO2 percentage 1%
CH04 Initial CH4 percentage 97%
s0w Initial saturation 95%
a Coal matrix width (m) 0.015
φ Cleat porosity 1.6%
φm Matrix porosity 4%
αg Gas transfer coefficient at well boundary 0.006
αw Water transfer coefficient at well boundary 0.03
d Well depth (m) 470
sαw Target saturation 64%
Rw Well radius (m) 0.2032
α van Genuchten parameter [10] 0.501
m van Genuchten parameter [10] 0.457
τ Tortuosity [27] 0.35
qmCO2 CO2 Langmuir parameter (mol / m
3) [28] 623.2
qmCH4 CH4 Langmuir parameter (mol / m
3) [28] 458.4
qmN2 N2 Langmuir parameter (mol / m
3) [28] 281.6
bmCO2 CO2 Langmuir parameter (1 / Pa) [28] 6.54e-7
bmCH4 CH4 Langmuir parameter (1 / Pa) [28] 2.19e-7
bmN2 N2 Langmuir parameter (1 / Pa) [28] 9.1e-8
DmCO2 CO2 effective diffusivity in the matrix (m
2 / s) [5] 2.4e-10
DmCH4 CH4 effective diffusivity in the matrix (m
2 / s) [5] 7.2e-12
DmN2 N2 effective diffusivity in the matrix (m
2 / s) 7.2e-11
DsCO2 CO2 diffusivity in air (m
2 / s) [29] 1.6e-5
DsCH4 CH4 diffusivity in air (m
2 / s) [29] 2.1e-5
DsN2 N2 diffusivity in air (m
2 / s) [29] 1.6e-5
R Ideal gas constant 8.31
T Temperature (K) 308
µCO2 CO2 viscosity (Pa s) [5] 1.5e-5
µCH4 CH4 viscosity (Pa s) [5] 1.12e-5
µN2 N2 viscosity (Pa s) 1.25e-5
µw Water viscosity (Pa s) [5] 1e-3
ρw Water density (kg / m
3) 1000
MCO2 CO2 molecular weight (kg / mol) 0.0441
MCH4 CH4 molecular weight (kg / mol) 0.01604
MN2 N2 molecular weight (kg / mol) 0.02801344
g Gravitational constant (m / s2) 9.807
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Figures 5b and 6 compares the cumulative total gas production data with the model results
for Well 27 and a range of different production wells, respectively. We observe that the model
obtains very good agreement with the cumulative gas production. The variability in the data does
not affect the cumulative gas production to a high degree, therefore our model is able to more
accurately capture the behaviour that is present in the data. Note that for the wells shown in
Figure 6, each well has a unique water production curve and set of physical parameter values used
as input to the model.
We now consider further simulation results for Well 27. Figure 7 shows the predicted change
in gas composition over a period of approximately 20 years. The gas composition is calculated as
the mole fraction of each individual species, χi, where
χi = ci
cT
. (39)
In Equation (39), ci (mol/m
3) is the concentration of species i and cT is the total concentration,
given by
ci = ρi
Mi
, (i = CO2,CH4,N2), (40)
and
cT =∑
i
ρi
Mi
, (i = CO2,CH4,N2), (41)
respectively. We see that initially there is a rapid decrease in χCH4 and corresponding increases in
χCO2 and χN2 , however χCH4 approaches a relatively constant percentage of the gas composition
after approximately 5 years. Over the course of 20 years, we see χN2 slowly decline, while χCO2
begins to increase. This is due to CO2 being preferentially adsorbed to the coal matrix. As the
amount of CH4 and N2 adsorbed on the surface of the coal matrix declines, the CO2 is able to
desorb, leading to an increase in the CO2 produced at the well boundary.
Figure 8 shows spatial profiles of ρCH4 over the first 500 days, and from 500 days to 1500
days, where each curve corresponds to a different day. In the first 500 days, ρCH4 decreases to
less than half of its initial value as gas is removed from the cleats. At the same time, there is a
proportionately lower decrease in ρCO2 and ρN2 (that continues over the first 1500 days), as shown
in Figure 9. This leads to the initial decrease observed in χCH4 , and the corresponding increases
in χCO2 and χN2 seen in Figure 7. After the minimum in χCH4 is reached (approximately 500
days), there is a subsequent increase in ρCH4 as the gas in the matrix is able to desorb and diffuse
into the cleats due to a lowered pressure from dewatering, leading to the increase in χCH4 shown
in Figure 7. The composition then remains relatively stable over a long time period as each gas
species is desorbed from the coal matrix.
3.1. Sensitivity Analysis
The preceding simulation results were all obtained using a single set of physically realistic
parameters that were specifically chosen to give a good match to the data. However, there are a
large number of parameters in the model developed in Section 2.1, and many of these cannot be
accurately determined for an entire coal seam. We now consider a sensitivity analysis to determine
those parameters that have the greatest effect on the solutions obtained from our model. To do this,
we shall consider two different approaches. Firstly, we shall make use of the Forward Sensitivity
Analysis (FSA) capabilities of SUNDIALS (SUite of Nonlinear and DIfferential/ALgebraic equation
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Figure 6: Comparison between cumulative gas production data (–◻–) and simulation results (—)
for a range of production wells.
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Figure 7: Composition of gas over a period of approximately 20 years. ( ) methane, ( )
carbon dioxide and ( ) nitrogen. Left-hand axis: CH4; Right-hand axis: CO2 and N2.
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Solvers) [30] to look at the sensitivity of the primary variables to the parameters. Secondly, we
shall consider the variation in total gas and gas composition as a number of the parameters are
varied ±10%, where we ensure that the parameters remain within a physically realistic range.
The system of equations developed in Section 2.1 can be considered in the form
F(t,y, y˙;p) = 0, (42)
with initial conditions
y(0;p) = y0(p), and y˙(0;p) = y˙0(p), (43)
where y is the vector of primary variables at each node point in the spatial domain as shown in
Figure 4, y˙ is the vector of primary variable time derivatives at each node point, and p is a vector
whose components, pi, are the model parameters. By differentiating Equation (42) with respect
to each of the parameters, pi, and invoking a multivariable chain rule, we obtain the forward
sensitivity equations, namely,
∂F
∂y
si + ∂F
∂y˙
s˙i + ∂F
∂pi
= 0, (44)
where si represents the solution sensitivity with respect to the ith parameter, with individual
components given by
si = ∂yi(t)
∂pi
. (45)
Equation (44) represents a family of ODEs that are solved subject to Equation (43) for each si,
thus yielding the sensitivity of each of the primary variables to the model parameters.
Table 4: Table of parameters used in forward sensitivity analysis
Number Parameter Description
1 α van Genuchten parameter
2 m van Genuchten parameter
3 τ Tortuosity
4 k Permeability
5 a Coal matrix width (m)
6 φ Cleat porosity
7 φm Matrix porosity
8 qmCO2 CO2 Langmuir parameter (mol / m
3)
9 qmCH4 CH4 Langmuir parameter (mol / m
3)
10 qmN2 N2 Langmuir parameter (mol / m
3)
11 bmCO2 CO2 Langmuir parameter (1 / Pa)
12 bmCH4 CH4 Langmuir parameter (1 / Pa)
13 bmN2 N2 Langmuir parameter (1 / Pa)
14 DmCO2 CO2 effective diffusivity in the matrix (m
2 / s)
15 DmCH4 CH4 effective diffusivity in the matrix (m
2 / s)
16 DmN2 N2 effective diffusivity in the matrix (m
2 / s)
17 DsCO2 CO2 diffusivity in air (m
2 / s)
18 DsCH4 CH4 diffusivity in air (m
2 / s)
19 DsN2 N2 diffusivity in air (m
2 / s)
20 kb Well boundary permeability multiplier
21 αg Gas transfer coefficient at well boundary
22 αw Water transfer coefficient at well boundary
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Table 4 shows the parameters that we will consider in our FSA. These have been identified as
the most likely parameters to have a significant effect on the solution to our model equations.
By solving Equation (42) subject to Equation (43), we obtain a set of sensitivies that vary in
space and time. For each primary variable in Table 1 we then calculate the maximum absolute
sensitivity across both space and time, with respect to each parameter. This results in a single
sensitivity value, smaxi,j , for each primary variable j with respect to each parameter i. Due to
the large variation in the order of magnitude of the parameters we calculate a scaling for the
sensitivities, ξi,j , by considering the ratio of parameter values to the initial conditions of the
primary variables,
ξi,j = pi
y0j
. (46)
The maximum absolute sensitivities, smaxi,j are then scaled by ξi,j , to obtain the scaled sensitiv-
ities,
sξi,j = ξi,jsmaxi,j . (47)
Figure 10 shows sξi,j for each of the primary variables listed in Table 1. For each of the seven
primary variables, we identify the same three parameters to which the model is most sensitive.
These are the Langmuir parameters, qmCO2, q
m
CH4, and q
m
N2. Figure 11 shows a comparison of the
sensitivities of each primary variable to the three Langmuir parameters identified. The numbering
on the x-axis of Figure 11 corresponds to the numbering of the primary variables given in Table 1,
and the order of the parameters is as given in Figure 10 and Table 4. From Figure 11 observe that
ρN2 is the most sensitive variable, followed by ρCO2 .
However, this sensitivity analysis does not give any indication as to how these parameters affect
the predicted gas production for the well. Furthermore, they do not take into account that a change
in some parameters will affect the state at which the system is initialised, and additionally, there
are some parameters that only define the initial condition in the coal seam and are therefore not
included in this analysis.
To gain an insight into the sensitivity of the gas production and composition to the model
parameters, we now consider varying a specific set of parameters by ±10% of their initial value.
The model parameters that we have analysed in this way are listed in Table 5. We have chosen
these parameters as they include the main physical parameters describing the structure of the coal
seam that may have a large impact on gas and water transport, parameters that govern the flow of
gas and water at the boundary, and the Langmuir parameters identified through the FSA discussed
previously.
Figure 12 shows the variation in the total gas production and cumulative gas production as
the parameters given in Table 5 are varied by ±10%. We can see that the gas production is
heavily dependent on the target saturation, sαw. This parameter gives an indication of the average
saturation when water production from the well reaches zero, and is used to calculate the initial
volume of water in the seam, V 0 in Equations (34) and (35), and the seam drainage length,
L, obtained by solving Equation (37). Therefore, the total volume of gas present in the well is
dependent on this parameter, and furthermore it represents the level to which the coal seam will
be dewatered. Decreasing sαw by 10% indicates that a greater percentage of the water is able to be
extracted from the seam, allowing more gas to desorb from the coal matrices. As a consequence,
in Figure 12 we observe a peak in the gas production that is almost three times higher than that
19
0 10 20 30
0
1
x 10−4
ρCO
2
m
Parameters
s
i,j
ξ
0 10 20 30
0
2
4
6
8
x 10−6
ρCH
4
m
Parameters
s
i,j
ξ
0 10 20 30
0
1
2
3
x 10−3
ρN
2
m
Parameters
s
i,j
ξ
0 10 20 30
0
0.01
0.02
0.03
ρCO
2
Parameters
s
i,j
ξ
0 10 20 30
0
2
4
6
8
x 10−4
ρCH
4
Parameters
s
i,j
ξ
0 10 20 30
0
0.05
0.1
ρN
2
Parameters
s
i,j
ξ
0 10 20 30
0
0.5
1
1.5
x 10−4
s
w
Parameters
s
i,j
ξ
Figure 10: Results of the forward sensitivity analysis, sξi,j , with the numbering of the parameters
on the x-axis as given in Table 4.
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Table 5: Table of parameters varied for sensitivity analysis
Parameter Description Symbol
a Coal matrix width (m) ◻
φ Cleat porosity ◇
φm Matrix porosity ○
αg Gas transfer coefficient at well boundary +
αw Water transfer coefficient at well boundary 7
d Well depth (m) ▽
sαw Target saturation ×
qmCO2 CO2 Langmuir parameter (mol / m
3) ∗
qmCH4 CH4 Langmuir parameter (mol / m
3) ◁
qmN2 N2 Langmuir parameter (mol / m
3) ▷
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observed when sαw is unchanged. Conversely, increasing s
α
w leads to a gas production peak that is
approximately half that for an unchanged sαw. We also see the considerable increase and decrease
in peak gas production reflected in the cumulative gas production curves, Figure 12(b).
This variation in the gas production with changes in sαw indicates that the gas production
as predicted by the model is heavily dependent both on the amount of gas in the seam initially
(through the length of the coal seam), and on the pumping condition implemented at the boundary,
as sαw governs what percentage of the total water volume can be extracted from the well, and thus
controls the well boundary pressure, pb.
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Figure 12: Sensitivity to a range of model parameters, with sαw included in the analysis. Parameters
are identified by symbols given in Table 5. (a) Total gas production (b) Cumulative gas production.
( ) +10%, ( ) −10%, ( ) baseline.
By now fixing the value of sαw to that given in Table 3, we are able to obtain an insight into the
sensitivity to the other parameters of Table 5. This is shown in Figure 13. We see that with sαw
removed, the cleat porosity, φ, has the greatest influence on gas production. Somewhat counter-
intuitively, for φ decreased by 10% we see an increase in the peak gas production over the first two
years. This is consistent with results presented by Cui and Bustin [5] who showed that the peak
production rate decreased with increasing porosity. However, when we consider the long term gas
production as shown in Figure 14, we see that the largest volume of gas is produced by an increase
in φ, followed by an increase in the coal matrix width, a.
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Figure 13: Sensitivity to a range of model parameters, after removing sαw from the analysis. Pa-
rameters are identified by symbols given in Table 5. (a) Total gas production (b) Cumulative gas
production. ( ) +10%, ( ) −10%, ( ) baseline.
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Figure 14: Sensitivity to a range of model parameters over approximately 20 years. Parameters are
identified by symbols given in Table 5. (a) Total gas production (b) Cumulative gas production.
( ) +10%, ( ) −10%, ( ) baseline.
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Figure 15 shows the sensitivities of the individual gas compositions as the parameters are varied±10%. We see in Figure 15 that the gas composition is most sensitive to the value of sαw, suggesting
that the local gas composition is also dependent on the initial conditions in the coal seam, and the
treatment of the pumping boundary. In Figure 15 we see that there is some sensitivity in the gas
composition to the remaining parameters. In this case, the coal matrix width (a) has the greatest
effect on the gas composition (after neglecting sαw). We do note that the gas compositions appear
to be converging to similar values at longer times, suggesting that by varying the parameters by
10% we do not significantly alter the behaviour of the gas composition.
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Figure 15: Gas composition sensitivity, with sαw included in the analysis. Parameters are identified
by symbols given in Table 5. (a) Methane (b) Carbon Dioxide (c) Nitrogen. ( ) +10%,
( ) −10%, ( ) baseline.
In Figure 16 we see the sensitivity of the gas composition over a longer period of time (20 years).
We observe that the greatest sensitivity occurs over approximately the first 5 years, however the
qualitative behaviour remains unchanged. When the well reaches the production stage (in which
the composition of gas remains relatively constant), we see that small changes in the parameters do
not ellicit a large charge in the composition. However, we must bear in mind that this is only for a
single set of parameters that produced simulation results that closely matched the gas production
data for a single well. Each individual production well will have its own set of parameters, and the
sensitivity to these parameters could change depending on their value. Furthermore, the process
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of obtaining sets of parameters that produce adequate matches to production data needs to be
carefully considered.
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Figure 16: Gas composition sensitivity over approximately 20 years. Parameters are identified
by symbols given in Table 5. (a) Methane (b) Carbon Dioxide (c) Nitrogen. ( ) +10%,
( ) −10%, ( ) baseline.
4. Compression Facility
To validate the gas composition predicted by our model, we were provided with compression
facility data on the volume percentages of methane, carbon dioxide and nitrogen. Figure 17 shows
the combined simulated gas compositions of a single run of our local model over thirty individual
wells. Each well has a unique water production curve and set of physical parameters input to the
simulation. The individual gas volumes have been summed across the wells, however only those
wells that had an error in the total gas production of less than 30% have been included.
At early times we have few wells contributing to the gas at the compression facility. As more
wells begin producing we can see they have a considerable effect on the gas composition, causing
a rapid increase in the percentage of methane being produced. While the relative error is quite
high (particularly for CO2 and N2 composition), we see that we are able to recover the correct
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Figure 17: Comparison between the compression facility data (–◻–) and simulation results (—)
for methane (CH4), carbon dioxide (CO2) and nitrogen (N2). ▼ represents when a well began
production.
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trends seen in the percentage composition data at the compression facility. Our model indicates
that over the timeframe of the data the produced gas becomes richer in methane, carbon dioxide
remains relatively stable and the nitrogen percentage decreases. At longer timeframes these trends
will be affected by the rate that new production wells come online, and this is something that can
be investigated with our model given a priori information about the well turn-on rate.
5. Conclusions
We have developed a mathematical model describing the multiphase flow that occurs within a
coal seam, and have used this to investigate the production of gas from a single well in the Daandine
region in southeast Queensland. We have shown that the results obtained from this local model are
sensitive to the conditions that prevail throughout the coal seam initially, that affect the volume
of gas and water that is present, together with the well boundary condition. However, for a given
set of parameters that provide a suitable match to production data, small variations in parameter
values do not have a large effect on the gas production. We have also shown that by combining
our results from the local model for a range of wells, we are able to capture the trends in the gas
composition observed at the production facility.
The approach used in this work to model the well boundary is an approximation, as it does not
accurately represent the flow that would occur at the well boundary. We utilised available water
production data to obtain a functional form for the water production, and this is used to govern the
pressure that the coal seam is subjected to at the well boundary. However, the water production
data for an individual well may not always be able to be accurately represented by an equation
of the type given in Equation (20). This will greatly affect the ability of the model to produce
results that reflect the corresponding gas production data. We feel that a more realistic model of
the pumping boundary would improve the capability of the model to recover gas production curves
that simulate a wider range of CSG wells.
Additionally, alternative transport models can be investigated for the gas and water diffusion
processes. For instance, Singh et al. [14] have implemented a fractional diffusion approach for simu-
lating the injection of CO2 into a depleted reservoir for storage and enhanced recovery of methane.
In this process, carbon dioxide is injected into the seam at high pressure, displacing the remaining
methane. There is evidence to suggest that a fractional model may produce different results to
one based on standard Fickian diffusion [31], however it is unclear whether these differences are
significant or are able to more accurately represent the data observed in CSG production wells.
In this article we have only considered one set of parameters for a relatively small number
of production wells, for which we were able to obtain a reasonable fit to the production data.
In practice, a field of production wells exist that all feed their gas into the central production
facility. Furthermore, each of these individual wells will have a set of parameters that describe
the composition of the coal seam, such as porosities, initial saturation and gas composition. It is
difficult to gain an accurate representation of these parameters for an entire coal seam, and this
difficulty is exacerbated by the fact that many of the properties will vary spatially within a coal
seam. In fact, for any given coal seam there may be many combinations of physical parameters that
lead to the observed gas production. Therefore, it is imperative to develop parameter estimation
techniques that are able to recover physically realistic parameter values, and provide suitably
accurate matches to production data for a wide range of wells. This is currently being investigated
by the authors.
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